Arginine vasopressin (AVP) and related peptides affect social behaviors in numerous species, but AVP influences on human social functions have not yet been established. Here, we describe how intranasal AVP administration differentially affects social communication in men and women, and we propose a mechanism through which it may exert those influences. In men, AVP stimulates agonistic facial motor patterns in response to the faces of unfamiliar men and decreases perceptions of the friendliness of those faces. In contrast, in women, AVP stimulates affiliative facial motor patterns in response to the faces of unfamiliar women and increases perceptions of the friendliness of those faces. AVP also affected autonomic responsiveness to threatening faces and increased anxiety, which may underlie both communication patterns by promoting different social strategies in stressful contexts in men and women.
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affiliation ͉ aggression ͉ anxiety ͉ autism ͉ emotion C entral arginine vasopressin (AVP; mammals) and arginine vasotocin (AVT; nonmammalian homologue) systems modulate social behaviors in numerous species from diverse vertebrate groups (1) . It has therefore been proposed that social functions of these peptides were highly conserved during vertebrate evolution and, if retained in humans, that variations in the AVP system may be related to individual differences in sociality in our own species, particularly aggressive (2) and͞or affiliative (3, 4) tendencies. It has even been hypothesized that extreme variations in the AVP system may be related to the social dysfunctions associated with autism (5) (6) (7) .
Among the social processes most consistently influenced by AVP and AVT in animal models are those related to social communication, particularly the generation of, and͞or responses to, stereotypical signals associated with courtship and aggression. In humans, facial expressions are associated with such forms of emotional communication (8) , so we predicted that AVP would influence the motor patterns associated with facial responses to social stimuli, particularly in men, because AVP͞ AVT systems are most often associated with the regulation of male-typical patterns of social communication (1) . Indeed, in a preliminary study, we showed that electromyographic (EMG) responses of the corrugator supercilii, which are associated with threat (9) , are increased in men by intranasal AVP administration (10) . However, we do not yet know whether AVP also modulates social communication in women, which is an intriguing possibility because sexual dimorphisms typical of AVP͞AVT systems in other species in which males have more AVP͞AVT-producing cells and͞or fiber projections have not been detected in human brains (11) . We also do not yet know whether AVP can influence social cognition as well as facial motor patterns related to social communication, nor anything about the mechanisms through which AVP may affect social communication in humans.
To address these fundamental questions and to determine how rapidly social processes are affected by intranasal AVP administration, which leads to peptide elevations in cerebrospinal fluid (CSF) within 10 min of delivery that remain for at least 80 min (12), we gave men and women intranasal AVP or saline and tested their facial EMG, heart rate (HR), and skin conductance (SC) responses to pictures of same-sex models posing various facial expressions of emotion 15 and 50 min after drug administration. Subjects also rated the approachability͞friendliness of the faces and completed a state anxiety inventory at the end of the experiment.
Results
AVP administration had sex-specific effects on corrugator EMG responses to same-sex faces 15 min after drug administration, as evidenced by a significant Gender ϫ Drug interaction [F(1,68) ϭ 8.95, P ϭ 0.004]. We therefore analyzed the sexes separately. In men, AVP tended to increase corrugator EMG responses to facial stimuli [Drug main effect: F(1,36) ϭ 3.77, P ϭ 0.06]. Planned, follow-up comparisons showed, as we had previously observed (10) , that emotionally neutral faces were the only stimuli to elicit significantly larger EMG responses in men given AVP than in men given saline [F(1,36) ϭ 4.68, P ϭ 0.04; Fig. 1A (Fig. 1B) .
For the second set of stimulus presentations, 50 min after drug administration, there were no significant Drug main effects or interactive effects between Drug and Gender and͞or Face. To examine whether AVP effects may have been masked by a change in reactivity as a result of repeated testing, we compared responses to each class of facial expression between the two sets of stimulus presentations within control subjects. Responses to all stimuli tended to increase across stimulus sets in control men, but only responses to neutral images, which were also the only responses affected by AVP on the first stimulus set, increased significantly [t(17) ϭ 2.23; P ϭ 0.03; Fig. 2 ]. There were no significant changes across stimulus sets in control women.
There were no significant Drug main effects or Drug ϫ Gender interactions for zygomaticus responses on the first or second stimulus sets. However, we had specifically hypothesized that AVP would stimulate zygomaticus responses associated with smiling in women, but not in men, based on the argument by Taylor et al. (13) that women exhibit affiliative behaviors in contexts of social anxiety, which we predicted AVP administration would create (see below). We therefore analyzed women's zygomaticus responses separately from those of men, despite the lack of a significant interaction in the original mixed model, because interaction effects are statistically more difficult to detect than main effects (14) . There were no effects of AVP 15 min after drug administration; however, AVP did significantly increase zygomaticus responses in women 50 min after drug administration [Drug main effect, F(1,34) ϭ 6.19, P ϭ 0.02]. Planned follow-up comparisons between women given AVP and saline showed that responses to neutral stimuli were significantly increased by AVP [F(1,34) ϭ 4.94, P ϭ 0.03; Fig. 3 Fig. 4A ). In women, there was a significant Drug main effect [F(1,30) ϭ 13.68, P ϭ 0.001]. Planned comparisons indicated that the effect was strongest toward neutral expressions, which were the only ones rated as significantly more friendly͞approachable by women given AVP than by women given saline [F(1,30) ϭ 9.8, P ϭ 0.004; Fig. 4B ], although AVP also tended to increase ratings of happy expressions [F(1,30) ϭ 3.6, P ϭ 0.07]. On the second stimulus set, a similar (but not significant) Drug ϫ Gender ϫ Face interaction was observed [F(2,122) ϭ 2.74, P ϭ 0.085]. There were no significant changes in ratings across stimulus sets in control men or women.
AVP marginally increased SC responses to faces on the first set of stimulus presentations [Drug main effect: F(1,70) ϭ 3.81, P ϭ 0.055]. Because there was not a significant Drug ϫ Gender interaction and we had no a priori expectations of sex-specific effects of AVP on SC responsiveness, men and women were not analyzed separately. Planned follow-up tests revealed that AVP significantly increased SC responses to angry faces [F(1,70) ϭ 4.18, P ϭ 0.045; Fig. 5A ] and tended to increase SC responses to neutral faces [F(1,70) ϭ 3.18, P ϭ 0.06]. There were no main or interactive effects of AVP on the second stimulus set, perhaps because repeated testing changed SC responsiveness. SC responses to angry expressions, which were the only responses affected by AVP on the first set, decreased significantly across sets in control subjects [t(36) ϭ 2.71, P ϭ 0.01]. Responses to neutral and happy expressions did not.
There were no main or interactive effects of AVP on minimum HR responses on the first stimulus set, but on the second, 50 min after drug administration, there was a marginal effect of AVP [Drug main effect: F(1,59) ϭ 3.87, P ϭ 0.054]. Again, the Drug ϫ Gender interaction was not significant, and we had not predicted differential effects of AVP on HR in men and women, so both sexes were analyzed together. Planned follow-up comparisons revealed that AVP significantly reduced the magnitude of the deceleration response to angry faces [F(1,59) ϭ 5.07, P ϭ 0.03; Fig. 5B ] but did not significantly affect responses to neutral or happy faces. There were no significant changes in minimum HR responses to any of the facial expressions in control subjects or in the variances of the responses across stimulus sets that could explain why AVP effects on HR decelerations were detected only on the second stimulus set. There were no main or interactive effects of AVP on mean or maximum (max) HR responses on either set.
On a test given after subjects viewed both stimulus sets, AVP significantly increased state anxiety [Drug main effect: F(1,70) ϭ 6.18, P ϭ 0.01; mean and SEM for control subjects, 29.87 Ϯ 0.92; mean and SEM for AVP subjects, 33.89 Ϯ 1.3]. Men and women were not analyzed separately because the Drug ϫ Gender interaction was not significant and we had not predicted differential effects of AVP on anxiety in the sexes. AVP did not affect resting blood pressure 30 or 60 min after drug administration.
Discussion
Intranasally delivered AVP differentially affected social communication processes in men and women, including facial motor patterns associated with emotional communication and cognitive social evaluations. Specifically, AVP promoted agonistic responses in men and affiliative responses in women toward the faces of same-sex models. AVP also affected autonomic responsiveness to threatening social stimuli and increased anxiety, which may underlie the peptide's sex-specific effects on social communication by promoting different social strategies in response to stress in the sexes. Because intranasal AVP administration crosses the blood-brain barrier (12) and, at the dose we used, directly affects central processes, whereas peripheral elevations do not (15), we argue that the effects we observed were likely centrally mediated, either through CSF-signaling mechanisms or by means of diffusion into discrete brain areas. Thus, our results support the hypothesis that central AVP's ability to influence social communication processes, a conserved trait of AVT and AVP in vertebrates, has been retained in humans.
Sex-Specific Effects on Social Communication. As we had previously shown (10), in men, AVP enhanced EMG responses of the corrugator supercilii, a facial muscle above the brow whose activity is related to anger and threat (9) , to emotionally neutral͞ambiguous facial expressions. Here, we also show that AVP simultaneously affects cognitive social perceptions, decreasing friendliness͞approachability ratings of unfamiliar men displaying happy, affiliative expressions. Men with high levels of endogenous AVP may therefore be unlikely to engage in prosocial interactions with other men and likely to generate threatening expressions in the interactions in which they do engage. Because facial muscle activity can feed back to influence emotional states (16) , such increased corrugator EMG activity could elevate anger in such individuals during social interactions and thereby increase the likelihood of initiating aggressive behavior. It might also increase the likelihood of eliciting aggressive responses from others as a result of having sent such an agonistic signal. Such mechanisms could, at least in part, explain the positive correlation between levels of AVP in the CSF of men with personality disorders and aggressive life histories (2) .
In contrast, in women, intranasal AVP inhibited corrugator responses to the faces of unfamiliar women, stimulated zygomaticus responses associated with smiling, and enhanced perceptions of the friendliness͞approachability of the pictured women. Although the time at which AVP affected zygomaticus responses (50 min) differed from that at which it affected corrugator and perceptual responses (15 min; see further discussion below), the overall pattern is consistent; in women, AVP seems to promote affiliative responses toward other women. Similarly, AVP stimulates affiliative responses toward females 
Potential Mechanisms. Although AVP increased SC responses and reduced cardiac decelerations to angry faces at different time points after drug administration, together these effects suggest that AVP increases autonomic responsiveness to threatening social stimuli. Also, either in response to feedback from those peripheral changes and͞or the result of direct actions within the brain, AVP increased state anxiety. Central AVP likewise has been implicated in anxiogenic processes in rodents (20, 21) . It is therefore possible that AVP's effects on human social communication were indirect consequences of primary actions on autonomic responsiveness to social stimuli and͞or anxiety. In fact, such indirect behavioral mechanisms could be common in vertebrates; Porges (22) has argued that an ancestral mechanism through which AVP and AVT affect social behavior is by stimulating sympathetic outflow associated with ''fight or flight'' responses. The peripheral changes associated with increased sympathetic activation in response to social stimuli could feed back to increase a central state of anxiety that promotes aggression or withdrawal, depending on the social context, or direct anxiogenic actions of AVT͞AVP within the brain could be part of the same, potentially ancestral mechanism.
But why would increased anxiety promote affiliative responses in women? Taylor et al. (13) have hypothesized that different selective pressures associated with reproduction and group living on men and women may have led to the evolution of different stress-response strategies in the sexes. Accordingly, fight or f light responses, as discussed above, evolved in men to aid survival in the event of predatory or social attack, whereas an alternative ''tend and befriend'' strategy evolved in women caregivers for whom the risks to offspring and self associated with fight or f light responses were too great to be maintained. Taylor argues that in women the tendency to affiliate with other women in times of stress therefore evolved, because such alliances could aid in childcare and͞or provide shelter from attack. Using Taylor's evolutionary framework, we propose that AVP may have induced a central state associated with stress, anxiety, which prompted men to display agonistic response patterns toward other men consistent with fight or f light tendencies and women to display affiliative response patterns toward other women consistent with tend and befriend tendencies It is also possible that AVP's effects on autonomic, motor, and psychological responses each resulted from independent peptide actions in different brain regions. If so, the orthogonal effects of AVP on social communication patterns in men and women may be the result of sex differences in receptor distributions in the brain, such that AVP directly activates specific fight or flight circuits in men and tend and befriend circuits in women. Alternatively, AVP may influence both types of circuit in men and women, but the observable manifestations of those influences depend upon the sex of the stimulus person. Future studies could address this possibility by testing the effects of AVP on responses to opposite-sex models.
Such AVP ''social circuits'' have been identified in several animal models; AVP modulates aggression through actions in the septum, anterior hypothalamus, and central gray (23) (24) (25) , and, at least in male prairie voles, it modulates affiliative responses related to parental and pair-bonding behaviors by means of actions in the septum (18, 26) and ventral pallidum (27) . Although AVP actions in some areas like the septum may be associated with inf luences on aggressive and affiliative behaviors, it is probable that unique patterns of AVP receptor activation across several brain regions are associated with the modulation of each. Additionally, AVP promotes affiliative behaviors in female prairie voles (19) , although the site(s) of action for this effect has not been determined, nor has it been shown that AVP can stimulate females to exhibit affiliative behaviors toward other adult females in that species. Nonetheless, it is possible that AVP circuits modulating agonistic and affiliative responses in humans are the same as those associated with the regulation of related behaviors in other vertebrates. In fact, humans have an extended promoter region on the AVP receptor gene that is similar to one that has been linked to expression patterns of the AVP receptor and sociality in prairie voles (28) . If future experiments demonstrate that AVP increases affiliative responses in men toward women, then it would support this hypothesis by showing that, as in male prairie voles, AVP simultaneously enhances agonistic responses toward other males and affiliative responses toward females.
Finally, it could be argued that AVP's effects in men reflect the activation of AVP ''agonistic circuits,'' but that the peptides effects on affiliative responses in women were the result of pharmacological oxytocin (OT) receptor activation, because OT stimulates affiliative behaviors in females in other mammals (29) . However, this explanation seems unlikely because OT has anxiolytic effects in humans (30) , and AVP administration elevated anxiety in the present study.
Time Course Considerations. AVP affected autonomic, motor and perceptual responses as early as 15 min after drug administration, which is consistent with the speed at which elevations of the peptide are observed in the CSF after intranasal administration (12) . Unexpectedly, none of the responses affected by AVP on the first stimulus set were affected on the second, 50 min after drug administration, although elevations of the peptide in CSF remain for at least 80 min after intranasal delivery. We were especially surprised that AVP did not inf luence corrugator responses to neutral faces in men on the second stimulus set, 50 min after drug administration, because AVP did enhance those responses at that time point in our previous study (10) . However, in our previous study, subjects were tested only once, and, in the present study, control men's corrugator responses to neutral faces increased across stimulus sets, mirroring the effects of exogenous AVP on the first stimulus set. One interpretation of this finding is that exposure to faces, most likely angry͞threatening ones, stimulated endogenous AVP release within men's brains, and that additional, exogenous AVP therefore produced no further effects on the second stimulus set. Consistent with this hypothesis, agonistic social stimuli can stimulate AVP release within the brains of male rats (31) . If true, and if elevated AVP does increase the likelihood of initiating aggressive behavior, such socially induced release could lead to escalations of aggression during social challenges in men.
We also observed changes in SC responsiveness across stimulus sets that could have made it difficult to detect AVP influences on the second stimulus set, 50 min after drug administration; SC responses to angry faces, the only ones affected by AVP on set 1, habituated across stimulus sets. Although we did not observe changes across stimulus sets in corrugator responsiveness in women or perceptual ratings in either sex, it remains possible that some undetected effect of repeated testing may have also prevented us from observing AVP influences on those responses on the second stimulus set.
On the other hand, AVP influenced zygomaticus and cardiac responses on the second set, but not the first. The inability to detect influences on women's zygomaticus responses on the first stimulus set may have been because occasional laughter or smiling on that set, before subjects became familiar with the stimuli, some of which were obviously outdated and reported to be humorous by subjects after the experiment, increased response variability and thus obscured the effects of AVP. Addi-tionally, AVP may have had stronger effects 50 min after delivery than 15 min after delivery, at least on responses for which a masking effect of repeated testing was not present, because AVP levels in CSF do increase slightly across that time span after intranasal administration (12) . Additional time could have also allowed greater diffusion into discrete brain areas where AVP may induce its effects. Increasing efficacy across time may also explain why we detected AVP influences on HR decelerations only on the second stimulus set. In sum, changes in stimulus responsiveness as a result of repeated testing and͞or changes in drug efficacy as a function of time likely account for AVP's mixed pattern of effects across stimulus sets.
It should also be noted that AVP affected SC and HR in the present study, whereas it did not in our previous study (10) . We believe we did not observe the same effects in our previous study because subjects in that study performed a Stroop task while looking at the pictures, which likely induced cognitive demands that independently influenced these variables and thus obscured AVP's effects, which seem very sensitive to the testing parameters.
Conclusions. We have shown that, in humans as in numerous other vertebrates, AVP has the ability to inf luence social processes, particularly those related to emotional social communication. Furthermore, AVP's effects are sex-specific, promoting agonistic and affiliative types of responses toward same-sex faces in men and women, respectively. Our results thus support the possibility that variations in the AVP system could be related to individual differences in human sociality, particularly aggressive and affiliative tendencies, and possibly even to the abnormalities in emotional communication observed in some cases of autism. Finally, our results indicate that any psychiatric interventions targeting the AVP system should take into account the possibility of different behavioral outcomes in men and women.
Methods
Subjects. Participants were men and women 17-25 years old. Potential subjects were prescreened for medical conditions and prescription or recreational drug use. A urine drug test verified the absence of drugs. Subjects were medically cleared for participation by a physician, and females were given pregnancy tests to make sure they were not pregnant.
The experiment was conducted in the health center at Bowdoin College. Participants were provided with an informed consent form and told that they could leave the study at any time. All procedures complied with guidelines for the ethical use of human subjects set by Bowdoin College and the National Institutes of Health.
Drug Administration. Under double-blind conditions, a 1-ml solution containing 20 units of AVP (American Reagent Laboratories, Shirley, NY), which is Ϸ50 g (n ϭ 37), or sterile saline (n ϭ 37) was self-administered by means of intranasal sprays over a 2-min period in the presence of the experimenter. This dose leads to elevations in plasma equivalent to those produced by an i.v. dose of only 0.025 units, which does not produce central effects (15) . There were no reports of dried nasal passages or increased water retention during the test.
Stimulus Presentation. Participants were seated in a dimly lit room, and images were projected onto a computer monitor by using a customized version of HUMAN MEASUREMENT SYSTEM 7 (Coulborn Instruments, Lehigh Valley, PA). Ten minutes after inhaling saline or AVP, subjects were shown four practice images (opposite sex neutral faces). During the experiment, subjects viewed two sets of pictures, each consisting of 27 faces depicting various emotions. Faces were taken from Ekman and Friesen (32), Ekman and Matsumoto (33), Gur et al. (34) , and a set of images produced and validated in our laboratory. Of the 27 faces constituting each picture set, 9 were emotionally neutral, 9 were angry, and 9 were happy. Images were displayed in random order, and a different set was shown on the first and second stimulus sets, in counterbalanced order across subjects. Men viewed only pictures of male faces, and women viewed only female faces. Pictures were displayed for 8 s, and each image was separated by a variable 25-to 30-s interval of blank computer screen. Prestimulus baseline physiological measurements were obtained during the 5 s preceding each picture. During the picture display, data were collected for 5 s beginning 500 ms after picture onset. After each image, subjects rated its perceived approachability͞friendliness on a scale from Ϫ3 (threatening, very unapproachable) to ϩ3 (friendly, very approachable). The first set of faces was shown 15 min after drug administration, and the second set was shown 50 min after drug administration. Participants viewed part of a nature film with an emotionally neutral content between stimulus sets. After viewing both sets, subjects filled out the State portion of the State͞Trait Anxiety Inventory (STAI; Consulting Psychologists Press, Palo Alto, CA).
Physiological Measures. Physiological measurements included EMG activity of the left corrugator supercilii and zygomaticus major facial muscles, SC, and HR. Facial electromyograms were recorded by using 4-mm surface electrodes, and EMG activity was amplified with a bandpass filter (90 -1,000 Hz). EMG activity was integrated by a multifunction integrator with a time constant set to 200 ms. SC electrodes were placed on the palm of the nondominant hand. SC measurements were recorded directly by using an isolated skin conductance coupler, with a constant of 0.5 V. HR was measured through standard ECG leads connected to an isolated bioamplifier with bandpass filter. Physiological signals were digitized by a general purpose Lablinc Port (Coulborn Instruments) and processed by using a Cobalt computer. Blood pressure and body temperature were taken before drug administration and 30 and 60 min after drug administration.
Physiological Response Scores. EMG and SC responses to the faces were calculated by subtracting the mean score during the 5-s prestimulus baseline from the peak score during the first 5 s of the stimulus presentation. HR responses were calculated by subtracting the mean score during the 5-s prestimulus baseline from the mean, maximum, and minimum scores during the first 5 sec of stimulus presentation. Mean responses for each stimulus set were calculated by averaging responses to all faces within each emotional category. Individual EMG responses Ͼ3 SDs from the mean of a given subject's responses across all stimuli on both stimulus sets were removed. Because of positive skew, EMG and SC responses were square root transformed. Perceptual rating scores for one woman were dropped because her average rating score of neutral faces fell 4 SDs from the overall mean rating score of neutral faces for all subjects across both trials.
Data Analysis. Initial mixed-model ANOVAs were run for all variables with Drug and Gender as between-groups factors and Face (neutral, happy, angry) as a within-subjects factor. Separate, repeated-measures ANOVAs for men and women were done in cases where significant Drug ϫ Gender interactions were present in the original mixed model or there was an a priori prediction in males or females, given that interaction effects are statistically more difficult to observe than main effects (14) . Planned follow-up comparisons of responses to different facial expressions were performed between subjects given AVP and saline when significant main effects of Drug were observed, even when significant Drug ϫ Face interactions were not evident, for the same statistical reason mentioned above. These tests also determined whether we replicated specific findings from our previous study (10) . Paired t tests were used to compare responses across the trials to the different stimuli in each control group to assess whether there were changes in responsiveness, that occurred as a result of repeated testing, that were independent of AVP administration.
